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I t  io l lows  f ron o u r  p rev ious  L i v e s t i g a t i o n  of  t h e  opera- 
t i o n  r:;cchanixm of  ;>orous gas e l e c t r o d e s  ' - 3 )  t h a t  a porous e l ec -  
-iroSe can b e  r e p r e s e n t e d  by a model shown i n  Pig.1. I n  Ea.con's 
t r o - l a y e r  e l e c  trocies t h e  f i n e  gore  l a y e r  p r a c t i c a l l y  does  not  
g z r t i c i p a t e  i n  t h e  e l ec t rochemica l  process .  E lec t rochemica l  pro- 
c e s s e s  occur  on ly  i r i  t h e  l a y e r  o f  t h e  e l e c t r o d e ,  which' c o n s i s t s  
of  t!:.o k i a d s  o f  pores: macl.opores znd iiiicropores. Llicropores are 
1' i 1 1 ed wi t h e 1 e c t r o  1 y t e arid iil a c ro  3 0 r e  8 v;i t i? gas . E l  e c t ro c h en1 i c a1 
r e a c t i o n  occilrs on the  v i a l l s  of macrogores covered x i t h  a t h i n  
+let i , r o l y t e  film. The t h i c k n e s s  of t h e  e l e c t r o l y t e  i ' i l m  determi-  

' i ~ c  used such a i;iodel of the  po rous  e l e c t r o d e  i n  the  p r e p a r a t i o n  
Oi' a c t i v e  e lecxrodes  f o r  a hydrogen-oxygen . .  c e l l .  

iies c m  be ?re?ared u s i n g  n i c k e l  s k e l e t o n  c a t a l y s t  . 
the  J;sti method r e q u i r e s  a ve ry  long  t ime because t h e  aluminium 
e l i m i n a t i o n  p rocess  o c c u r s  extremely slov,rly. These e l e c t r o d e s  do 
!lot pooess s u c f i c i e n t  mechanical s t r e n g t h  and o a e r a t e  s t e a d i l y  
l o r  a long  ?e r iod  o f  time on ly  a t  small c u r r e n t  d e n s i t i e s  

:isd i'rom t h e  Cat3  for a i ia l f - imiersed n i c k e l  e l e c t r o d e  i s  0,5-1y 4 )  . 

According t o  J u s t i ,  a c t i v e  meta l loceramic  hydrogen . e l ec t ro -  

i t  should be  noted  t h a t  t h e  p r e p a r a t i o n  o f  e l e c t r o d e s  by 

5 )  

j3-50 ma/cm 2 5 ) .  

RLng >d% . i i ,  48% A 1  and 2% T i  6 )  . . 
i';s have dcv2loped a method o f  p r e p a r i n g  hydrogen e l e c t r o d e s  

&s ing  a ske le ton  n i c k e l  c a t a l y s t ,  ob ta ined  from a n  alloy con ta i -  

It i s  k n o m  t h a t  such  c a t a l y s t  h a s  l a rger  c a t a l y t i c  a c t i -  
v i t y  2nd s t z j i l . i t y  t h a n  t h e  usua l  Raney c a t a l y s t .  The i n f l u e n c e  
o f  t h e  h e a t i n g  tempera ture  i n  hydrogen upon t h e  s p e c i f i c  s u r f a c e  
oi a c a t a l y s t  c o n t a i n l a g  a .i'i a i d i t i o n  was i n v e s t i g a t e d .  I* was 
s'r.ovm t h a t  t he  s?ec i i ' i c  s u r f a c e  o f  a 
I.;? ihod , renai:,ed 2 r a c t i c a l l y  unchanged upon h e a t i n g  i n  hydrogen 
up t o  8 ~ 0 O i r  end !::as equal t o  80-90 m / g .  

Elec t rodes  were pr.e?ared a 8  fo l lows .  The a l l o y  p rev ious ly  
cjrmild i n  a v i b r a t i n g  m i l l  and t h e  powder ob.cained was f r e e d  of 
a l m i n i u n  by t r e a t i n g  w i t h  5 it AOH. Such c a t a l y s t  i s  h i g h l y  py- 
ro?hor ic ,  but :.hen mixed i n  t h e  wet s ta te  wi th  .carbonyl n i c k e l ,  
i t  loses this p r o p e r t y  and such  a. mixture  can  be  s t o r e d  d r y  a 

gowder,, iueasured by t h e  BET 
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long t ine .  The l o s s  of py ro fo r i c  p r o p e r t i e s  by c a t a l y s t s  when 
they a r e  mixed with carbonyl n i c k e l  i s  accounted f o r  by t h e  s l o w  
dli ' fusion o f  oxygen through t h e  water f i l m  and t h e  formation of  
a t h i n  oxide f i l m  on t h e  c a t a l y s t  sur face .  An i n v e s t i g a t i o n  of 
t h e  e l e c t r o d e s  with varying s t r u c t u r e s  a c t i v a t e d  by the  s k e l e t o n  
c s t a l y s t  c a r r i e d  out by the  method s i m i l a r  t o  t h a t  used i n  . , 

tance i s  the  e l ec t rode  s t rength .  To ensure b e t t e r  s t r e n g t h  a new 
des i@ of e l e c t r o d e s  with an i n t e r n a l  gas  feed w a s  develaped 

Such an e l ec t rode  i s  shown scheuiat ical ly  i n  Fig.2. The 
e l e c t r o d e  c o a s i s t s  of a s h e l l  made of r e a d i l y  s i n t e r i n g  carbonyl 
n i c e e l  (edge - I and i i n e  pore l a y e r  - 2) v.ith t h e  a c t i v e  l a y e r -  
3 i n s i d e  ( a  mixture of ske le ton  c a t a l y s t  and carbonyl n i c k e l ) .  
Gas i s  supplied through s i d e  tubes-4. I n  t h e  case of t h e  e l e c t r o -  
des  having 120 m m  i n  diameter s t r eng then ing  and gas-feed pa ths  - 
5 a r e  used. 3 t r :nk th  i s  ensured by t h e  e l e c t r o d e  edge and gas- 
feed paths ,  nhich s i n t e r  well  with t h e  f i n e  pore layers .  Such 
e l e c t r o d e s  were pressed i n  a s p e c i a l  d i e  i n  one operat ion.  G a s  
f eed  pa ths  can be o f  d i f f e r e n t  iorms. The e l e c t r o d e s  o p e r a t e  both 
s ides .  Their  ope ra t ing  su r face  i s  165 cm2 ( b o t h  s i d e s ) .  Qihen 
assembling t h e  c e l l  t h e  e l e c t r o d e s  a r e  placed i n t o  a tank wi th  
e l e c t r o l y t e  and connected i n  p a r a l l e l  with r z spec t  t o  g a s  and 
cur ren t .  

t h ree - l aye r  e l e c t r o d e  with d =  0,25 a t  d i f f e r e n t  temperatures  
i s  given i n  Fib.3. Fig.4 shows t h e  dependexe  of l o g  3 ( a t  
y= 80 mv) upon t h e  r e c i p r o c a l  temperature.  The apparent a c t i v a -  
t i o n  energy of t h e  process  c a l c u l a t e d  from t h e  s l o p e  of 
s t r a i g h t  l i n e  i s  5 

r e p r o d u c i o i l i t y  o f  t h e  r e s u l t s .  The e l e c t r o d e s  operated s t e a d i l y  
i n  a hydrogen-oxygen c e l l  f o r  12 months. 

v i t y  t h e  ohmic l o s s e s  i n  t h e  f i n e  pore l a y e r  a r e  l a r g e  and 
t h e r e f o r e  with a decrease i n  i t s  th i ckness  t h e  cur ren t  d e n s i t y  
inc reases .  The experimental  curve of the c u r r e n t  d e n s i t y  depen- 
dence upon t h e  t h i c k n e s s  of  the  f i n e  pore l a y e r  is shown i n  
Pig. 5.  

3f considerable  i n t e r e s t  is t h e  dependence of t h e  e l e c t r o -  
chemical E ' t i v i ty  o f  t h e  e l e c t r o d e  upon t h e  s k e l e t o n  c a t a l y s t  
content  i n  the  a c t i v e  mixture. A s  i s  evident  from Table 1, with 

1 )  

I n  des i@ing e l e c t r o d e s  of l a r g e  s i z e  of e s s e n t i a l  impor- 

The dependence o f  the  cur ren t  7.1 upon t h e  p o t e n t i a l  f o r  a 

t h e  
Cal/mol OC. 

T e s t s  on a l a r g e  number o f  e l e c t r o d e s  have shown good 

I n  t h e  case of e l e c t r o d e s  with h igh  electrochemical  a c t i -  



.I. . 

t han  1,5 urn t h e  c u r r e n t  d e n s i t y  cons iderably  Secreases.  

''3' can be app l i ed  t o  the  e l e c t r o d e  Le .opera t ion  Cevcloped i n  
iiow l e t  u s  c o m i d e r  how t h e  concepts  of t he  porous e l e c t r o -  

I 
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an  i n c r e a s i n g  r a t i b  of t h e  c a t a l y s t  weight t o  t h a t ' o f  t&e mix- ' 
t u r e  (d) the c u r r e n t  d e n s i t y  rises up t o  d= 0,5. 

Table  1. 

d c) J y l O  Gy25 3 ~ 3 0  3y40 3y50 Oy75 1yOO 

I I , t i~  *dr tLe r  i n c r e a s e  in o( (a(= 3,75 and d= 1 ,OO) t h e  c u r r e n t  
de i i s i ty  drops.  As i s  shovm bj. t h e  s t r u c t u r e  I,ieasurernents, i t  
1apci.cedce on the  change r a t i o  o f  t he  r~ac ro -  t o  u i c r o  pores .  

R = Y /  = 7d++ . . . (1 )  I 3 
. :rere Td is the  a c t i v e  l a y e r  r e s i s t a n c e ,  7+- t h e  f i n e  pore  
l a y e r  r e s i s t a n c e .  The f i n e  ? o r e  l a y e r  r e s i s t a n c e  is expressed 
by t h e  equation: 

vkere  p- i s  t h e  e l e c t r o l y t e  s p e c i f i c  r e s i s t a n c e ,  3 - t h e  
s i a u o s l t y  coef i  l c i e n t  , - t o t a l  c ros s - sec t ion  of t he  po res  

Tf = P . d t ' ~ / l  . . . (2) ! 
i n  the  f i n e  pore l a y e r  oe r  u n i t  of v i s i b l e  s u r f a c e ,  equal  t o  
t h e  ~ i i ~ e  ?ore  l aye r  2 o r o s i t y .  In  most c a s e s  3 =\/5 8). 

t ance  upon t h e  e l P c t r o d e  a c t i v i t y .  
l iow l e t  u s  c o c s i d e r  t h e  dependence of  The r e a c t i o n  r e s i s -  

I 

hecording t o  ( 2 ) ,  t h e  depen,ence OF the  cu r ren t  d e n s i t y  
uson The gas e l e c t r o d e  oarameters  i s  of t h e  form: 

' cZe1.e i s  the t o t a l  9er i rneter  of t h e  po res  free of t he  
e l e c t r o l y t e ,  - t h e  t o t a l  c ros s - sec t ion  of the  pores  f i l l e d  
v:ith t h e  e l e c t r o l y t e ,  =($) J , v;here 1 i s  t h e  l o c a l  

9-0 
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cur ren t  dens i ty ,  3( - - t he  r a t i o  of t he  t r u e  4 t h e  v i s i b i e  sur-  
face .  Let  us  assume t h a t  t o  the  first approximation 
po r t iona l  t o  t h e  s p e c i f i c  su r face  o f  t h e  a c t i v e  mixture  &. It 
is  evident  t h a t  i n  the mixture  of  the c a t a l y s t  w i t h  

is pro- 

carbonyl  

The s p e c i f i c  su r face  measurements us ing  t h e  BET method 
2 have shorin t h e  s p e c i f i c  su r face  of t he  c a t a l y s t  Scat=80 m /gry 

the  s p e c i f i c  su r face  of t he  carbonyl n i c k e l  powder 
Scarb = O y 5 5  m /gr .  2 

According t o  the equat ions ( 3 )  and (4), f o r  t h e  e l e c t r o d e s  
with the  same s t r u c t u r e  w e  ootain:  

. . . (5)  Sd. 

where 2, and 7, a r e  t h e  r e a c t i o n  r e s i s t a n c e s  0-f the e l e c t r o d e s  
?reparedTrom caroonyl n i c k e l  a lone and from t h e  a c t i v e  mixture,  
r e spec t ive ly  . 
t he  powdered c a t a l y s t  used by us: 

S u b s t i t u t i n g  t h e  va lues  o f  Scat and Scarb , we o b t a i n  f o r  

. . . (6) 

S u b s t i t u t i n g  Tc =yz , obtained from equat ions  ( 3 )  i n t o  ( 5 )  and 

( ze /"~?  = (1440( + d )  '/2 

using (2), we f ind  Yor t h e  t o t a l  e l ec t rode  r e s i s t a n c e  R t h e  

+ -  Pt' 6 (7)  
expression: 

x =  

Wii e r  e A, = (3% q)(p,~ 
( vy (A+) fZ2 (P 9) 7-a 4Q 

f o r  a non-act ive e l ec t rode .  
Assuming f o r  a 7 i'u KJH a t  YO°C p =  0,715 ohm.cm 5, and 

n\  

t ak ing  t h e  value of  Acfrom L I ,  we obtain:  
( 4/5 ) (A)') )" = 0,024 ohm-' cm-j" . It fo l lows  from the d i r e c t  
measurements of t h e  f i n e  pore l a y e r  p o r o s i t y  that 
S u o s t i t u t i n g  t h e  vz lues  of p and f' we o b t a i n  f o r  t h e  c o e f f i -  
c i e n t  before  fjyq= 4,25 ohm.cm. Taking i n t o  cons ide ra t ion  (6), 
we o b t a i n  from (7)  f o r  t he  z c t i v e  n i c k e l  hydrogen electrode:  

q =  0,5. 

wn e r  e 
41y5 7,= 

(pp )'h ( 1 4 4 4  + I 1'' 
( 8 ' )  

The r e l a t i o n  (pQ)*/P # (Ap) obtained from the pores  
d i s t r i b u t i o n  curve of the  e l e c t r o d e  wi th  the  s t r u c t u r e  i n v e s t i -  
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gated  by us i s  shown i n  Fig.7b. The f i n e  pore layer  
xhickness  
of ri ( I )  and eq  (8) €or a n  e l e c t r o d e  w i t h  the o p e r a t i n g  sur- 

o( = 9,25 
6 = 3,071 cm. I n  accordance with the de termina t ion  

,. 
f ace  S, = 165 cmL a t  = 0,08 v, t h e  c u r r e n t  i s  equal  to: 

165 . d,08 a . . ( 8 " ' )  J =  - . y L  Se 
2 + 4945 . 0,071 ' 

i7ig.7 shows t h e  exper imenta l  (Curve I )  and t h e  ca l cu la t ed  
(Curve 2) dependences of t he  cu r ren t  s t r e n g t h  upon t h e  p r e s s u r e  
d i f f e r e n c e  between g a s  aiid e l e c t r o l y t e .  A t  l a r g e  va lues  o f  A p 
t h e  c a l c u l a t i o n  and exper imanta l  r e s u l t s  can be considered t o  - 

agree  f a i r l y  v ; e . l l .  A t  small A p  t h e  d iscrepancy  appears .  t o  be due 
t o  t ke  small gas permeab i l i t y  of  t he  worse owing t o  some o f  t h e  
gas supplz ing  cana ls .  

us ing  eq ( G )  and (1) i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  depen- 
dei:ce of  -the c u r r e n t  
l q e r  Lhickneas. The r e s u l t s  of  t h e  c a l c u l a t i o n  and t h e  compari- 
son with t h e  exper imenta l  d a t a  of P ig .5  a r e  presented  i n  Table 2. 

3 on an  e l e c t r o d e  upon t h e  f i n e  pore  

Sab le  2. 

4 ca lcu l .  experim. ca l cu l .  experim. - 
. -  41 i) i) 0,32 1239 - 

G,S1 2,042 u,36 11,2  37 
v,35 ; ,2i2 3,53 728 Y,O 23 30 
3,37 0 , j l  3,bj 6,6 795 21 22 
3 , l Z  3,425 0, ' /4  5,6 690 17 17  

i t  i s  c l e a r  from t h e  t a b l e  tha t  the agreement between t h e  calcu-  
l a t e d  and exgeriniental  v a l u e s  is q u i t e  s a t i s f a c t o r y .  

kcccrd ing  t o  equa t ion  (8' ) z, dec rease8  and hence t h e  
c u r r e n t  i n c r e a s e s  wi th  i n c r e a s i n g  s k e l e t o n  c a t a l y s t  con- 
t e n t  ( d  

s t r i c z a r e  but vary ing  catalyst  conten t  ( d )  are g iven  i n  Table 1. 
'The va lues  of ii and '&calculated from the d a t a  i n  Table 1 are I 

l i s t e d  i n  Table 3 .  Equat ion  (6) r e l a t e s  the v a l u e s  obta ined  'from' 
t h e  e l ec t rochemica l  and s t r u c t u r e  d a t a  f o r  tLe  e l e c t r o d e s  wi th  
iden t i c r i l  s t r u c t u r e s .  The r i g h t  hand and t h e  l e f t  hand s i d e s  of 
equat ion  (6) a r e  g iven  i n  Table  3 (columns 4 and 5 ) .  The compari- 
son of tne  corres2onding v a l u e s  shows tha t  up t o  d = 0,5 the 
exgcr iments l  and c a l c u l a t e d  data a g r e e  w i t h  the accuracy  up t o  

in t he  a c t i v e  rnixture. 
':ne ex.perLrncnta1 r e s u l t s  for t h e  e l e c t r o d e s  with i d e n t i c a l  



75 - 

23. ; .  ?he diccrepancy between t h e  d a t a  a t  
s t a t e d  above, t o  t h e  chznge i n  t h e  e l e c t r o d e  s t r u c t u r e .  

a= OY5 is duey as 

Table 3 .  

c) 1,6 1329 1 1 YO l Y 3  4YO 
0 , I O  aY74 oY&3 3Y 92 3Y0 o y 4  lY3  
3925 3y>7 Oy26 6,lO 5YO Oy25 O Y 8  

3,43  9,476 0,166 7265 7 ~ 8  Oy15 OY5 
o Y m  .~,43;5 0,123 8y55 l O y 5  011 0930 

I ,JLI U,74 0943 12,o 3YO 

3Y39 3y53 O,22 6,65 699 OY2 0365 

U y 7 5  dy5E8 Qy278 10y4 4y65 

-- 
A s  nas ueen shown i n  ‘ -3Iy  the  c h a r a c t e r i s t i c  t h i ckness  i s  

Getcriniiied cy the equat ion(9 ) 

Using t h e  obvious r e l a t i o n  &=A,. So/Scor~. 
i .e  o b t a i n  f o r  t h e  e l e c t r o d e s  wi th  i c e n t i c a l  s t r u c t u r e  

A = ( ‘/k 1 (?&$ . . (9) 
and equat ion(5)  

. . . ( I O )  

chere  Lc and la are c h a r a c t e r i s t i c  l e n g t h s  of the  nonac t ive  and 
a c t i v e  e lec t rodes ,  r e spec t ive ly .  

the  e l e c t r o d e  
can ‘De cotisiuered t o  be of i n f i n i t e  th ickness .  For such e l e c t r o -  
Lies t h e  cur ren t  d e n s i t y  i s  determined by eq ( 3 ) .  ds ing  eq (3) and 
( 9 )  aiid -inking i n t o  cons ide ra t ion  [I)¶ w e  obtain:  

li cco rc ing  t o  ‘-j), a t  t h e  th i ckness  e4 Iy6k 

1. = L. Q / ( j ‘ p ~  . . . (11) 

?or. ;be e l e c t r o d e s  w i t h  the s t r u c t u r e  under  cons ide ra t ion  
( -  ;i4-.CJ 243-343 mesh, 20%d athp-633-933 mrri €i6 PeC,,2 2’. Then 
la== J , ~  2,. The vzlues of  
5 of  l e b l e  3 .  

A t  4s 1 , 6 L  2 - 3 )  the  c u r r e a t  d e n s i t y  is l e s s  t han  the  maxi- 
,..urn v~l l r le  ~ z t e r c i i n e d  i‘rom equat ion  ( 3 ) .  *fhe carresponding th ick-  
:less A, ,  si’ the  t h r e e - l a y e r  e l e c t r o d e  a t  which the  cu r ren t  s tarts 
t o  c??crease is A, ,  = 2 x 1,6L . The va lues  o f  are  l i s t e d  i n  
column 7 of Zable 3. For t h e  e l e c t r o d e s  wi th  
h i co rd ing  t o  Fig.6, t h e  dec rease  i n  t h e  a c t i v i t y  on such an e lec-  
t r o d e  occurs  a t  A < 1 , 5  mm, vh ich  appears  t o  be  due t o  a unsuf f i -  
c i e n t  ,as d i s t r i b u t i o n  on the e l ec t rode .  

5 thus c c l c u l a t e d  a r e  g iven  i n  column 

o(= Oy25 dC~=Oy8nm. 

1 



?:-:US 'chis concepts  of t h e  o p e r a t i o n  of' t h e  porous gas e lec-  
:rode can be used i n  the c a l c u l a t i o n s  and cnoice  of t h e  optirmm 
c o n i i t i o n s  of o p e r a t i o n  of an a c t i v e  63s e lec t rode .  On t h e  b a s i s  
35 t h e  t h e e - l a y e r  e l e c t r o d e s  developed, i t  i s  p o s s i b l e  t o  con- , 

:;?;ruct a c e l l  o f  a s imple  uesign f o r  a long  time opera t ion .  
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* Fig.1. Porous gas electrode model.  

Fig.2. Schsme of an electrode with internal gas 
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Pi&. 5 .  2 o l a r i z a t i o n  curves  f o r  d i f f e r e n t  temperatures  
1 - 20' , 2 - 4OoY 3 - 60°, 4 - ??O, 5 - 92'. 

n; I I I 1 I 

20 . 300 390 310 + jc3 

E'ig.4. Deaendence of 1 g J  on l/T . $? = OY08 v. 
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Fig.6. decenaence o f  c u r i e n t  d e n s i t y  upon t h e  ac t ive  

l a y e r  thickness. 
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